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2.1 Introduction

Plutonium (Pu) has been identified as a dominant long-term dose contributor under certain
nuclear waste repository scenarios (Kaszuba and Runde, 1999; Office of Civilian Radioactive
Waste Management, 2002). The transport of Pu will likely to occur by association with natural or
anthropogenic colloids or as intrinsic colloids that migrate through the engineered barrier system
and host rock. The dominant anthropogenic colloids may be iron oxides produced as a result of
steel corrosion (Office of Civilian Radioactive Waste Management, 2002) or intrinsic colloids
formed at relatively high actinide concentrations. The mineralogy of natural colloids will be a
function of the host rock mineralogy or backfill material. Host rock minerals such as smectite and
iron oxide are known to sorb Pu (Bertetti et al., 1998; Keeney-Kennicutt and Morse, 1985; Kozai
et al., 1996; Kozai et al., 1993; Lujaniene et al., 2007; Powell et al., 2004, 2005; Powell et al.,
2008; Sabodina et al., 2006; Sanchez et al., 1985; Turner et al., 1998), which will result in
actinide immobilization or retention. However, actinide sorption to these same minerals, as
colloids, may also result in colloid-facilitated transport (e.g. Kersting et al. (1999)).

A major challenge in predicting the mobility and transport of actinides in the natural environment
is determining the dominant geochemical processes that control their transport behavior. The
reaction chemistry of Pu (i.e., aqueous speciation, solubility, sorptivity, redox chemistry, and
affinity for colloidal particles, both abiotic and microbially-mediated) is particularly complicated.
Its migration is known to be oxidation-state dependent and facilitated by transport on particulate
matter (i.e., colloidal particles). Despite the recognized importance of colloid-facilitated transport,
little is known about the geochemical and biochemical

mechanisms controlling Pu-colloid (intrinsic or pseudo-
colloid) formation and stability, particularly under relevant
environmental conditions. At high concentrations (>10" M),
Pu tends to form intrinsic nano-colloids (Neck et al., 2007); it
is not known whether these nano-colloids are produced or are
stable at very low (e.g. <10™ M) concentrations. Future
radioactive waste repositories will likely involve
environments at elevated temperatures. Thus, the effect of
elevated temperature on the stability and sorptivity of
monomeric and colloidal Pu is relevant as well.

The structure of Pu precipitates and nano-colloids has been Figure 1. Idealized structure of a 2.5
investigated for many years, particularly from the standpoint nm fee PuO, nanoparticle. Each

of a sol-gel processes relevant to the production of dense Pu(IV) atom (green) is in an octahedral
forms of PuO, (Lloyd and Haire, 1968). Early electron position, surrounded by O atoms (red)

microscopy studies by Haire et al. (1971) concluded that fresh Pu(IV) precipitates are composed
of nanoparticles <2.5 nm in size (Figure 1). The degree of crystallinity could be inaeased (based
on x-ray diffraction line broadening) by ,,aging" the precipitates for a few hours in <100°C water.
However, the fundamental size of these nanoparticles is not affected. Importantly, these
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nanoparticles were found to aggregate and were not considered stable in solution. Peptization
(formation of a stable dispersion of Pu colloids in water) occurred when these precipitates were
heated and reacted with ~0.2M HNQO;. The colloidal products of this peptization have a Pu:NO;
ratio of ~1. Larger crystallites (4-10 nm) could be produced only upon heating (250°C or greater)

which also reduced the NOs/Pu ratio of the colloids from ~1
to ~0.1 (Lloyd and Haire, 1968).

More recently, Soderholm et al. (2008) examined the
structure and formation of stable colloidal suspensions of Pu
precipitates in HCI/LiCl solutions. Upon evaporation from
high salt solutions (2 M LiCl), a novel precipitate was
formed in which PuO,-like nano-clusters, ,,decorated by CI
anions, formed a crystalline superstructure (Figure 2).
Unlike the earlier suggestions of Conradson et al. (2004), the
presence of HO of OH™ or Pu(V)O," in these nano-clusters
was not identified. However, the stabilization of Pu sols in
high ionic strength solutions is consistent with historical
schemes developed as part of the sol-gel process. The
unique scientific contribution of the Soderholm et al. (2008)
work was the identification of well-ordered Pu nanoclusters
that is in direct contrast to the traditional assumptions of
poorly ordered polymeric or amorphous Pu(IV) precipitates.
It also suggests that the <2.5 nm sols produced by Haire et al.
(1971) in dilute HNO; with at Pu:NOj ratio of ~1 may be
morphologically related to these nano-clusters (Pu:Cl ratio of
0.7). However, the stability relationship between these nano-
clusters and larger nano-colloids produced upon aging and
heating of Pu(IV) precipitates/sols has yet to be understood.

The structure of PuO, precipitates and colloids is
complicated by the fact that Pu(IV) is susceptible to both
reduction to Pu(Ill) and oxidation to Pu(V) and Pu(VI).
Crystallographic studies of partially substituted Pu(IV)O,
precipitates has been the subject of ongoing research.
Conradson et al. (2004) described the structural difference
between Pu(IV)O, and Pu(Ill),0; as an equivalent sublattice
with Pu,0O; having one of four oxygen atoms removed from
the basic PuO; fluorite structure (Figure 3). Partial removal
of oxygen atoms from Pu(IV)O, can also produce an
intermediate oxidation state precipitate, Pu,O; (Petit et al.,
2003).

Figure 2. Structure and ordering of
Pu(IV) nano-clusters formed in LiCl
solution; the PuO, framework exhibits a
slightly distorted fcc packing of
crystalline PuO,. Each Pu(IV) atom
(green) is coordinated to O (red), H,O
(blue), and/or CI atoms that decorate
the surface of the cluster (yellow).
From Soderholm et al. (2010).
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Figure 3. Comparison of ideal fluorite
structure of Pu(IV)O, and equivalent
Pu(III),05 structure with one of four
oxygen atoms removed. From
Conradson et al. (2004).

A more controversial topic of ongoing research has been the structure of the partially oxidized
form of Pu(IV)O,, namely PuO,., (Conradson et al., 2004; Haschke et al., 2000; Penneman and
Paffett, 2005; Petit et al., 2003). The position of the additional oxygen atoms was initially
proposed to be in the octahedral vacancies in the fluorite structure. However, Conradson et al.
(2004) characterized multiple preparations of PuO,., and determined that a more formal
description of this phase should be PuO,..,(OH),,*zH,0 in which OH" and H,O are structurally
incorporated into the PuO, sublattice and the oxidized Pu is most likely Pu(V) with two —yl
oxygens (Figure 4). This formulation was not observed in nano-clusters characterized by

Soderholm et al. (2010).
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In their recent work, Powell et al. (2011) examined the
behavior of Pu(IV) surface precipitates and colloids in the
presence of goethite and quartz. Transmission electron
microscopy (TEM) was used to characterize the morphology
of Pu associated with these mineral phases. Plutonium was
added to goethite and quartz suspensions either as ,,fresh*
(un-aged) Pu nano-colloids or as aqueous Pu(IV). Plutonium
nano-colloids (2-5 nm) that formed on goethite from aqueous Figure 4. Substitution of Pu(V)0,"

monomers underwent a lattice distortion relative to the ideal into the fcc PuO, sublattice and
fluorite-type structure, fcc, PuQO,, resulting in the formation associated distortion of the fluorite
of a bee, PusO-. This structural distortion resulted from an structure. From Conradson et al.

(2004).

epitaxial growth of the plutonium colloid on goethite, leading
to stronger binding of plutonium compared with other minerals such as quartz where the
distortion was not observed. Importantly, intrinsic PuO, nano-colloids appeared to have a weak
affinity for both goethite and quartz.

The results of Powell et al. (2011) and earlier studies suggest that the morphology, structure, and
stability of Pu can vary dramatically and affect the sorptivity and mobility of Pu in the
environment. An understanding of the stability of Pu nano-clusters and colloids and
sorption/desorption kinetics of monomeric and colloidal Pu on common minerals is critical to
predicting long-term colloid-facilitated transport behavior of Pu (Cvetkovic, 2000; Cvetkovic et
al., 2004; Missana et al., 2004; Saiers and Hornberger, 1996; Steefel, 2008).

In this study, we examined the sorption behavior of Pu at elevated temperatures in the presence of
one relevant mineral, goethite (a-FeOOH), over a range of concentrations that span solubility-
controlled to adsorption-controlled concentrations. We focused on the sorptive behavior of two
common forms of Pu: aqueous Pu(I'V) and intrinsic Pu(IV) nano-colloids at 25 and 80°C in a
dilute pH 8 NaCl/NaHCOs solution. The morphology of Pu sorbed to goethite was characterized
using transmission electron microscopy (TEM). We examined the relative stability of PuO,
precipitates, PuO, nano-colloids, PusO; surface precipitates, and monomeric sorbed Pu as a
function of temperature and over a time scale of months.

2.2 Materials and Methods

Two series of batch sorption experiments were conducted. In the first series, aqueous Pu(IV) was
reacted with goethite at 25 and 80°C. The experiment was intended to test whether the affinity or
morphology of sorbed Pu was temperature dependent. The experiment was performed under
identical solution conditions used in an earlier 25°C sorption isotherm experiment (0.1g/L
goethite, pH 8, 5 mM NaCl/0.7 mM NaHCOs) (Zhao et al., 2010). However, in the present case,
samples were equilibrated for three months rather than two weeks. Comparison of the present
data to earlier isotherm data was used to evaluate the sorption kinetics and determine the stability
of surface precipitates.

In the second set of experiments, intrinsic Pu(IV) nano-colloids were reacted with goethite at 25
and 80°C. The intrinsic Pu(IV) nano-colloid sorption experiments were intended to test whether
the initial form of Pu affects its longterm sorption behavior and evaluate the stability of Pu(IV)
nano-colloids as a function of temperature.

At the end of the three month batch sorption experiments, Pu concentrations in the liquid phase
were measured and compared to published ,,amorphous‘ PuO, (PuO,(am, hyd)) solubility
measurements (Neck et al., 2007) and sorption affinities (Zhao et al., 2010). In addition, a
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detailed characterization of the Pu associated with the goethite mineral surface was conducted
using TEM. The combination of liquid phase and surface characterization was used to evaluate
the effect of temperature and the comparative behavior of aqueous Pu(IV) versus intrinsic nano-
colloid Pu(I'V) on Pu sorption characteristics.

2.2.1 Pu stock solution

Alpha-emitting ***Pu (> 99.8% by mass) was used in the experiments. The major isotopes
contributing to alpha activities are **Pu, ****’Pu and ***Pu with activity percentages of 15.9%,
5.2% and 78.9%, respectively. The Pu stock solution (7.6 x 10™* M Pu(IV) in 2.06 M HCI) was
purified using AG1x8 100-200 mesh anion exchange resin and filtered through a 3kD molecular
weight cut-off MWCO) filter. The oxidation state of Pu
was confirmed using both UV/VIS and solvent extraction.
The aqueous Pu(IV) working solution was prepared by
diluting the stock solution to 1.9 x 10* M Pu(IV) in IN
HCIL The intrinsic Pu(IV) nano-colloid working solutions
was prepared by adding 1 mL 1N NaOH and 0.39 mL pH 8
buffer (5 mM NaCl/0.7 mM NaHCO;) to 0.53 mL of the
Pu(IV) stock. Another 0.06 mL of 1N NaOH was added
gradually to adjust the pH to ~8.5. The final Pu(IV) nano-
colloid concentration was 1.5 x 10* and the NaCl
electrolyte concentration was on the order of 1 M. The
Pu(IV) nano-colloids were retained by 3kD MWCO filter.
Thus, we estimate that the intrinsic nano-colloid size was Figure 5. HRTE of Pu(IV) nano-
generally >1 nm. Based on TEM, the fundamental particle colloids produced upon precipitation of
size of intrinsic Pu nano-colloids prepared in this manner a Pu(IV) from solution at pH 8.5 and
is 2-5 nm (Figure 5), somewhat larger than precipitate ~INNaCl. Nano-colloids were washed
. . in MQ water prior to deposition on
preparations by Haire et al. (197 1)' and nano—clpstqs pf TEM grid. Red outlines point to several
Soderhom et al. (2010). Aggregation of these intrinsic colloids, for emphasis.
nano-colloids is commonly observed such that the
aggregate size is larger (Powell et al., 2011).

2.2.2 Goethite

Goethite was synthesized from Fe(NO;);#9H,0 as described by Schwertmann and Cornell
(1991). Goethite was washed with a 5 mM NaCl/0.7 mM NaHCO; buffer solution, sonicated for
5 minutes, and centrifuged for 60 minutes at 3500 rpm three times until constant pH was reached.
Based on a spherical particle sedimentation estimate (Gee and Bauder, 1986), the goethite particle
size retained was >100 nm. X-ray diffraction confirmed goethite as the major phase, the point of
zero salt effect was 8.5 + 0.1 and the BET surface area was 16 nt/g. The predominant
morphology of the geothite particles was ,,star-shaped. Additional characterization details can
be found in Tinnacher et al.(2011).

2.2.3 Batch Experiments

All batch experiments were conducted in 10 mL Nalgene* Oak Ridge polycarbonate centrifuge
tubes with sealing caps. Either aqueous Pu(IV) or intrinsic Pu(IV) nano-colloids were spiked into
9 mL of 5 mM NaCl/0.7 mM NaHCO; in which goethite (solid to liquid ratio of 0.1 g/L) had
previously been added. Goethite-free Pu solutions were prepared in parallel. For the aqueous
Pu(IV) experiments, an equivalent amount of NaOH was added before adding the Pu spike to
ensure a final solution pH of 8. The 10 mL tubes were submerged in 50 mL polypropylene
conical centrifuge tubes filled with MQ water to minimize evaporative losses and provide
secondary containment to the radioactive samples. Over the course of the experiment, the 25°C
sample tubes were stored vertically in a hood. The 80°C sample tubes were submerged in a
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heated water bath. Samples were periodically shaken
and weighed to check for fluid evaporative losses; no Table 1. Experimental conditions for Pu(IV)
significant loss of fluid was observed over the course samples at 23 and 80°C Goothit
of the experiment. Pu form Initial Pu gsncl' ¢
Three initial Pu concentrations were used (Table 1) mOUL_“ g

. [V . Aqueous 7.3 x 10 0
such that the resulting equilibrium Pu concentration 5
would be below, above, and near the PuO,(am, hyd) Aqueous 8.010 0
solubility (~5 x 10 M) (Neck et al., 2007). Two Colloidal 9.6 10" 0
goethite-free solutions (spiked blanks) with initial Pu Colloidal 7.3 x 107 0
concentrations below and above PuO,(am, hyd) Aqueous 3.8x 107 0.1
solubility were used for comparison with sorption Aqueous 7.8 x 107 0.1
experiments. All solutions were allowed to react for Aqueous 3.8 x 10 0.1
103 days. Colloidal 3.1 10 0.1
At the conclusion of each experiment, two samples Colloidal 7.3 %107 0.1
were taken from each tube. The first supernatant Colloidal 37x10° 0.1

sample was taken after the goethite was allowed to

settle out for 60 hrs. Based on

sedimentation rates, we estimate that Table 2. Particle segregation methods and associated particle size
the supernatant included particles < cut-offs.
~250 nm on average (Table 2). The Particle segregation Particle Temp Particle size
second supernatant sample was method " cut-off'
collected after centrifugation at 5000 °C nm
rpm for 90 minutes at room Sedimentation Goethite 25 375
temperature. In this case, the Sedimentation PuO,(am, hyd) 25 225
supernatant included partic]es < ~25 Sedimentation Goethite 80 250
nm on average. Centrifugation was Sedimentation PuOy(am, hyd) 80 125
expected to effectively remove Centrifugation Goethite 25 35
goethite particles. Sedimentation Centrifugation PuOy(am, hyd) 25 19
was also expected to remove the ! Sed_imentation rates were calc3ulate(_i usi.ng ggethite and PuO,
majority of goethite from solution. derols1tles of 4.27 and_} 1.5 g/lem’. Fluﬁi viscosity used at 25 a}nd

: . . 80°C were 8.90 x 10™ and 3.55 % 107, respectively. The fluid
To test this, Fe in solution was density used at 25 and 80°C was 0.997 and 0.972 g/em’,
monitored by ICP-MS. In all cases, respectively. Sedimentation was rounded to the nearest 25 nm.

Fe concentrations were low enough
such that the contribution of goethite to the measured Pu solution concentration was predicted to
be negligible (<0.2% of Pu in solution). Neither sedimentation nor centrifugation was expected to
quantitatively remove dispersed Pu(IV) nano-colloids from solution. However, centrifugation
would likely remove most aggregated nano-colloids. A comparison of the sedimentation and
centrifugation supernatants provides information on the presence of intermediate-sized Pu colloid
aggregates in solution (25-250 nm).

2.2.4 Pu analysis

Both liquid scintillation counting (LSC) and ICP-MS were used to determine Pu concentration.
The LSC was used for samples with high Pu and ICP-MS used for samples in which Pu
concentrations were below the LSC method detection limit (~3 x 10™° M) . It is important to
consider the fact that sedimentation and centrifugation only segregate particles greater than the
associated particle size cut off. Thus, the measured Pu concentration in solution represents both
aqueous Pu and Pu nano-colloids (or aggregates) smaller than the cutoff size for sedimentation or
centrifugation (i.e. Table 2).
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2.2.5 TEM Sample Preparation and Analysis

At the conclusion of each experiment, the solid phases were washed in MQ (>18 MQ) water three
times by sequentially centrifuging at 5000 rpm for 90 minutes, decanting the supernatant, and
replacing it with fresh MQ water. The washing was performed to remove salts from solution.

The solids were re-suspended in MQ water by sonicating for 5 minutes and diluting 10% to
produce a 0.01g/L suspension. A volume of 2 to 5 uL of each suspension was deposited on TEM
carbon-coated copper grids and dried in a glass desiccator. All analyses were performed on a
Philips CM 300 FEG TEM operating at 300kV and equipped with a Gatan Imaging Filter (GIF)
with a 2k x 2k CCD camera and an EDX detector.

2.3 Results and Discussion
2.3.1 Pubehavior in the absence of goethite

Spiked-blanks (i.e. goethite-free solutions) were run to examine homogeneous precipitation of
PuO,(am, hyd) and potential loss of Pu to container walls. Both aqueous Pu(IV) and intrinsic
Pu(IV) nano-colloid solutions were equilibrated for 103 days at 25 and 80°C; initial Pu
concentrations were either oversaturated (~10° M) or undersaturated (~10'° M) with respect to
PuOy(am, hyd). The solution concentration data, superimposed on the PuO,(am, hyd) solubility
data presented in Neck et al. (2007), are presented in Figure 6.

For all undersaturated samples, Pu in solution was
similar (sedimentation and centrifugation produced
equivalent concentrations) after 103 days (~10"" M).
The initial form of Pu(IV) and temperature do not
appear to have an appreciable effect on Pu
concentrations in solution. However, whether Pu(IV)
nano-colloids dissolved or remained dispersed in
solution cannot be distinguished. Significant losses
of Pu from solution did occur (70-90%). We
attribute these losses to sorption to container walls, A0 Pu(V) ) .
as is commonly observed. Loss of Pu as a result of T ”“"*"‘5“""“""“"""
precipitation and/or aggregation of Pu nano-colloids T2 3 456 7 8 9 101 1213
is not thermodynamically favored at these -log [H*]
concentrations.

log [Pu]

- Pu(IV)coll -

© o N » &H A b N 4
R T

‘u‘ ()‘\"e,r\;llumtcd

[ Sample initially spiked with Pu(IV), 25°C
Sample initially spiked with intrinsic Pu(IV) nano-colloids, 25°C
O Sample initially spiked with Pu(IV), 80°C

In all high Concentration (N 1 0'6 M) samples’ the Pu ¢ Sample initially spiked with intrinsic Pu(IV) nano-colloids, 80°C
concentration remaining in solution is consistent Figure 6. Pu concentrations in eight goethite-
with the range of PuO,(am, hyd) solubility at 25°C free spiked blanks oversaturated (initially ~1 0°
as reported in Neck et al. (2007). Neck et al. (2007) | M) and undersaturated (initially 10" M) with

: . respect to PuO,(am, hyd). Data are
found that a mixture of colloidal PuO, and aqueous superimposed over PuOs(am, hyd) solubility

Pu(V) are the prgdpminant forms of Pu in solutiqn data reported in Figure 5 from Neck et al.
under these conditions. However, the concentration (2007). Pu concentrations in supernatants from
of colloidal PuO, is conditional, depending on the sedimentation and centrifugation samples

choice of particle size range that is considered yielded similar results.

“colloidal”. In the case of Neck et al. (2007), the

colloidal fraction was defined as the fraction collected by a 10 kD (~1.5 nm pore size) filter from
a “clear supernatant”. Thus, the upper limit of the particle size considered “colloidal” is not
strictly defined. In our case, the sedimentation results in a particle size upper limit estimate of
~250 nm for the solution phase. A higher upper limit would tend to increase the apparent Pu
concentration in solution.
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Intrinsic Pu(IV) nano-colloids “precipitated” from solution (~99.7%) in equal amounts at both
temperatures. The “precipitation” is, in reality, an aging and aggregation process (Figure 5) in
which PuO, nano-colloids retain their original crystallite size (2-5 nm). Importantly, these
crystalline nano-colloids are larger than the nano-clusters identified by Soderholm et al. (2008)
and may reflect the growth of nano-clusters to larger crystalline nano-colloids at low ionic
strengths and high pH over time. The formation of Pu-Cl ionic bonding, for Pu(IV) monomers, is
predicted to occur only at very low pHs (<1) where formation of hydrolysis species is not favored
(Guillaumont et al., 2003). Thus, the stability of CI _containing nano-clusters (Sorderholm et al.,
2008) or high NO;" sols (Haire et al., 1971) is likely to be electrolyte concentration and pH
dependent.

The behavior of aqueous Pu(IV) is temperature-dependent. At 103 days, the Pu concentration at
80°C was two orders of magnitude lower than at 25°C (Figure 6). Precipitation at high
temperatures leads to lower apparent solubilities which reflect greater aggregation of colloidal
precipitates. In contrast aggregation of pre-formed PuO, nano-colloids at high temperatures is
not as effective. This implies that colloid formation and aggregation processes areirreversible.
This is likely the reason why Pu(IV) colloid solubility measurements reported in Neck et al.
(2007) are uncertain (logK = 8.3£1.0)

2.3.2 Pubehavior in the presence of goethite

Figure 7 presents the sorption of aqueous
Pu(IV) and intrinsic Pu(IV) nano-colloids
to goethite at 25°C. For each form of Pu,
data at three concentrations are presented.
For simplicity, we designate these as low,
intermediate, and high concentration
samples. For comparison, Figure 7 also
includes earlier aqueous Pu(IV) isotherm
data at 7 and 14 days from an experiment
performed over a much wider Pu(I'V) [E-11 4
concentration range while using the 1E-12
identical mineral and solution conditions
(Zhao et al., 2010). Solution concentration
data (and associated solid concentrations)
are presented based on measured Pu
supernatant concentrations after
sedimentation (approximately <250 nm)

1E-3

103 day

=®=\lonomeric Pu{lV)
=deIntrinsic Pu(lV) nano-colloid

1E-4 §
1E-5 §
1E-6 §
w7 25°C
1E-8 {

1E-9 o

Solid Concentration, mol/g

1E-10 +

Ml
F1-4T1 1
€1-a1

= =
= =
= =

) =

01-at
(18
8-AT 3
L-AT
9-a1

Solution Concentration, mol/L

Figure 7. Sorption of aqueous Pu(IV) (black) and
intrinsic Pu(IV) nano-colloids (red) to goethite at 25°C.
Aqueous concentration based on sedimentation (<250 nm,
dashed line) and centrifugation (<25 nm, solid line). The 7

and centrifugation (approximately <25
nm) procedures (Table 2). Based on ICP-
MS measurements of Fe in solution,
goethite was effectively removed. Thus,
differences between measured Pu

day and 14 day aqueous Pu(IV) sorption experiments
(small black circles) were performed earlier under
identical solution conditions. Gray zone is estimated total
Pu concentration in equilibrium with PuO,(am, hyd)
reported in (Neck et al., 2007) at pH 8.

supernatant concentrations from these two procedures are an indication that Pu is present in
substantial quantities associated with aggregated PuO, nano-particles in the 25-250 nm range.

The present aqueous Pu(I'V) sorption data are in excellent agreement with the earlier isotherm
data. The low concentration aqueous Pu(IV) sample matches previous data (small black
symbols), indicating that equilibrium sorption was reached within 7 days. The low concentration
sorption represents monomeric adsorption of Pu(IV) to the goethite surface. The intermediate
concentration aqueous Pu(IV) sample matches the previous data at 14 days, indicating that
sorption/surface precipitation reached equilibrium within 14 days. The highest concentration
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aqueous Pu(IV) sample (1.1 x E’M) resulted in a solution concentration lower than the earlier 14
day sample, (3.8 x 10°M) indicating that equilibrium had not been reached within 14 days. For
the intermediate and high aqueous Pu(IV) concentration samples, solubility considerations
suggest that precipitation of PuO,(am, hyd) will occur (initial Pu concentrations were 8 x 107 and
4 x 10°° M, respectively, Table 1). Equilibrium solution concentrations are slightly lower than
expected based on thermodynamic estimates alone (see Figure 4). However, the Pu concentration
in solution may be lower simply because the particle size range to which the “colloidal” fraction
was attributed (<250 nm) is smaller than that used by Neck et al. (2007).

The behavior of intrinsic Pu(IV) nano-colloids differs significantly from that of aqueous Pu(IV)
only in the low concentration sample. A substantial difference between Pu concentration in
solution after sedimentation (2.4 x 10"° M) versus centrifugation (9.8 x 10> M) indicates that
large (25-250 nm) aggregated intrinsic Pu(IV) nano-colloids are present and do not have a strong
affinity for the goethite surface. It suggests that intrinsic Pu(IV) nano-colloids at low
concentrations may not be subject to sorption processes that would retard their migration.
However, the intermediate and high

concentration samples do not exhibit this 163
same behavior. The intermediate and high -
concentration intrinsic Pu(IV) nano-colloid
sorption samples result in solution
concentrations similar to aqueous Pu(IV)
sorption samples, driven by aggregation
processes that can be categorized as
precipitation.

“®=Monomeric Pu(1V) 103 day L4day 7 day
=t intrinsic Pu(IV) nano-colloid

1E-6
o]

1E-7 80 C

1E-8

1E-9

Solid Concentration, mol/g

1E-10

1E-11

Figure 8 presents the 80°C sorption data for
aqueous Pu(IV) and intrinsic Pu(IV) nano-
colloids. The 80°C aqueous Pu(IV) sorption 5 = =

data are similar to the 25°C data. However, Fieure 8. Sorntion of Solution C“’;“‘(‘R/“‘)“’E‘l’;l‘“’”i) ;
. . - igure 8. Sorption of aqueous Pu ack) an
greater differences in solution Pu intrinsic Pu(IV) nano-colloids (red) to goethite at 80°C.

1E-12

- [ = - [
i S
- = = @

ST-HT
+T-AT 3
€T-HT
L-H1 1§
9-H1

conc§ntratipns between sedimentation and Aqueous concentration based on sedimentation (<250 nm,
centrifugation suggest that large 25-250 nm dashed line) and centrifugation (<25 nm, solid line). The 7
aggregated intrinsic Pu(IV) nano-colloids day and 14 day aqueous Pu(IV) sorption experiments

may be more stable and prevalent at higher (small circles) were performed earlier under identical
solution conditions. Gray zone is estimated total Pu

temperatures. Halrle e.t al. (1971) also .ff’“nd concentration in equilibrium with PuO,(am, hyd) reported
that temperature will increase the stability of | in (Neck et al., 2007) at pH 8.

colloidal PuO, in solution.
2.3.3 TEM observation of Pu morphology
2.3.3.1 Aqueous Pu on goethite, 25°C

In the presence of goethite and at 25°C, aqueous Pu(IV) has been shown to grow epitaxially,
forming bce PuyO; nano-colloids in the 2-5 nm particle size range (Powell et al., 2011). While
previous observations were made on samples reacted for short durations, the PusO; nano-colloids
appear to be stable over the longer experiment timeframe examined here (103 days). Importantly,
this indicates that the PusO; is stable on the goethite surface and will not alter to a PuO, phase
over a timeframe of months.
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Identification of PuO,
versus PusO; on the goethite
surface was accomplished
by examining HRTEM FFT
patters (Figure 9).
However, we have also
found that the two forms
exhibit distinct
morphological
characteristics at the nano-
scale. In general, PuO,

nano-particles form Figure 9. Examples of HRTEM FFT patterns used to distinguish PuO, (A)
aggregates that range in size from PuyO; (B) nanoparticles on goethite. Diffraction pattern characteristic of
from tens to hundreds of PuO; (blue lines) is superimposed on both images for emphasis.

nanometers while Pu,O-
nano-particles are uniquely associated with the goethite surface and distributed as dispersed 2-5
nm nano-particles. These morphologies are illustrated in the following discussion.

In the intermediate concentration sample, PuyO; nano-colloids are widely distributed over the
goethite surface and dominated by isolated (dispersed) 2-5 nm nano-colloids (Figure 10). In the
high concentration sample, both dispersed PuyO; nano-colloids and aggregated fcc PuO, nano-

Figure 10. Dlpersed Pu40 on t goethite surface retains its 2-5 nm particle size after 3 months of equlhbationt
25°C. Large aggregates and/or alteration to PuO, was not observed. 1800 ppm Pu on goethite.

colloids exist (Figure 11). Importantly, the fundamental crystalline size remains in the 2-5 nm
size range for both forms of Pu nano-colloid and in all samples. In the high concentration
sample, nano-colloid aggregation is more pronounced. It cannot be ascertained whether this
aggregation is purely a physical/electrostatic interaction or a chemical one. However, that
difference may have a pronounced effect on the transport behavior of intrinsic Pu nano-colloids
as well as the transport behavior facilitated by iron oxide colloids. Importantly, aggregated nano-
colloids appear to be dominated by PuO, nano-colloids precipitated directly from solution and
weakly associated with the goethite surface. From a bulk solution standpoint, this would be




characterized as precipitation of
PuO,(am, hyd). At the nanoscale, it is
characterized as aggregation of PuO,
nano-colloids.

2.3.3.2 Intrinsic Pu nano-colloids on
goethite, 25°C

Unlike aqueous Pu(IV) sorption, intrinsic
Pu(IV) nano-colloids sorption to goethite
is dominated by aggregated mats of PuO,

nano-colloids. These mats were
observed in both the intermediate and
high concentration samples (Figure 12).

The PusO5 colloids that were observed in

the aqueous Pu-experiments were not
observed in any of the intrinsic Pu
colloid experiments. Importantly, this
indicates that the PuO, colloids, once
formed, will not alter to PuyO; over a
timeframe of months. In addition,
however, the ordered PuO, does not

appear to grow beyond its initial 2-5 nm

This is a header

Figure 11. uO, aeg.at.és. (bluej anddlspersed )
PuyO; (red) on the goethite surface was observed at 25°C
in high concentration samples. 8900 ppm Pu on goethite.

crystalline size, consistent with previous work (Haire et al., 1971).

Because these mats are located both on and off goethite (Figure 12B and C), it is clear that the
interaction between intrinsic PuO, nano-colloids and the goethite surface is much weaker thanin
the case of aqueous Pu(IV) sorption. The bulk solution chemistry data (Figure 3) suggest that the
same weak interaction between PuO, nano-colloids and goethite exist at the low Pu
concentration. However, identification of PuQO, colloids by TEM at low surface loading is
exceedingly difficult (the needle in the haystack problem). It was not attempted for the low

concentration sample.
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“| Figure 12. At 25°C, intrinsic PuO, nano-colloids (blue)

| form aggregates at intermediate (1900 ppm, A) and high

(9400 ppm, B and C) Pu concentrations that are located

both on (B) and off (C) the goethite surface, indicating

3 weak interaction between PuO, and goethite. The goethite
- ™ surface is devoid of diffuse Pu nano-colloids that are

| characteristic of PuyO; surface precipitation.

2.3.3.3 Aqueous Pu on goethite, 80°C

The characteristics of Pu associated with goethite at 80°C are not substantially different from
those at 25°C. The intermediate concentration aqueous Pu(IV) sample is dominated by dispersed
PusO; nano-colloids that are in the 2-5 nm size range (Figure 13). In the high concentration
sample, both aggregated PuO, nano-colloids and dispersed PusO; nano-colloids are present. The
aggregated PuO, nano-colloids are located both on and off the goethite surface while the Pu,O,
nano-colloids are strictly associated with the goethite surface. At 80°C, the size of the aggregated
PuO, nano-colloids appears to be larger. This is consistent with Pu concentrations measured in
solution (Figure 5) which suggest a significant fraction of intrinsic Pu(IV) nano-colloids are
aggregated and in the 25-250 nm particle size range.

11
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50_nm _ ey |
Fige 13. At 80°C, intermediate (1700 ppm, A).and high (8900 ppm, B) aqueous Pu samples reacted with
goethite for 3 months produce dispersed PuyO; (red) and a mixture of dispersed PusO; (red) and aggregated
PuO, (blue), respectively. PuO, aggregates are weakly associated with the goethite surface

2.3.3.4 Intrinsic Pu nano-colloids on goethite, 80°C

The behavior of intrinsic Pu(IV) nano-colloids at 80°C is dominated in both intermediate and
high concentration samples by the formation of large aggregated PuO, nano-colloids and little if
any association with the goethite surface (Figures 14). In terms of bulk solution chemistry, these
would be considered precipitates of PuO,(am, hyd). HRTEM images and electron diffraction
analysis indicate that the mats are composed of 2-5 nm nano-colloids with a fcc PuO, structure.
Importantly, the results suggest that the relationship between colloidal and precipitated forms of
PuO,(am, hyd) is controlled by degree of aggregation of 2-5 nm nano-colloids. Aggregation of
nano-colloids is controlled primarily by the solution conditions in which they are present (Pu
concentration, solution composition (e.g. ionic strength, pH) and temperature). Thus, the
concentration of dispersed intrinsic PuO, nano-colloids in solution will most likely be controlled
by the physical aggregation behavior of PuO, nano-colloids.

2.4 Conclusions

The strong affinity of aqueous Pu(IV) for the goethite surface is explained by the epitaxial growth
of bee PusO7 nano-colloids on goethite. The behavior is affected minimally by temperature.
However, the dispersed 2-5 nm PuyO; on the goethite surface appears to be stable over the
timescale of months at both 25 and 80°C. There is no indication that the Pu,O; alters to a more
stable PuO, nano-colloid over time. When intrinsic PuO, nano-colloids are reacted with goethite
over 103 days, both solution phase characterization in low concentration samples and TEM of
high concentration samples indicate that the PuO, nano-colloids have a very weak affinity for the
goethite surface. Importantly, there is no indication that the PuO, will alter to a more stable PusO;
nano-colloid on the goethite surface over time. Thus it appears that the association of Pu to
goethite is dependent on the initial state of Pu in solution.
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Figure 14. At 80°C, intermediate (2100 ppm, A) and high
(10,000 ppm, B,C) concentration intrinsic PuO, nano-
colloids reacted with goethite for 3 months produce only
aggregated PuO, (blue) that is weakly associated with
goethite. The goethite surface is devoid of dispersed Pu O,
(or PuQ,) colloids in these samples (C).

The crystallite size of PuO, nano-colloids is in the 2-5 nm range and appears to increase only
slightly at higher temperatures and over time, consistent with earlier characterization of
plutonium sols performed by Haire et al. (1971). Aggregation of PuO, nano-colloids is favored
over sorption to goethite. From a bulk solution perspective, this would be characterized as
precipitation and is in agreement with solubility measurements of Neck et al. (2007) for PuO,(am,
hyd). Importantly, a truly amorphous precipitate does not form. The nano-clusters identified in
Soderholm et al. (2007) represent the lower limit of colloid sizes observed here by TEM.
However, the exact relationship and relative stability of nano-clusters to the larger nano-colloids
observed here requires further study. Inaddition, the relationship between these TEM
observations and the bulk characterization of Pu precipitates with apparent mixed valence (i.e.
PuO2+-x) remains an open question.

The fate of Pu in the environment is dependent on its initial form and its subsequent stability
under changing geochemical conditions. Epitaxial growth of PuO; on the goethite surface will
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produce a strong association between Pu and goethite, which could lead to it immobilization.
However, the weak affinity and stability of intrinsic Pu colloids in solution and strong and
irreversible formation of PuyO; on goethite have the potential to facilitate the transport of Pu in
solution facilitated by colloids.

The focus of ongoing research is on Pu nanoparticle dissolution kinetics of Pu nanoparticles and
sorbed species from the iron hydroxide. Pu nanoparticle dissolution and Pu desorption kinetics
must be quantified as these rates are likely to control the colloid-facilitated transport of Pu in the
near-field and far-field repository environments. Experimental data summarized in this chapter
illustrate the complex reaction chemistry that will control kinetics and the need for a
comprehensive conceptual understanding of the underlying mechanisms controlling Pu reactive
transport.
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